Abstract: Cities located in the transitional zone between Taihang Mountains and North China plain run high flood risk in recent years, especially urban waterlogging risk. In this paper, we take Shijiazhuang, which is located in this transitional zone, as the study area and proposed a new flood risk assessment model for this specific geographical environment. Flood risk assessment indicator factors are established by using the digital elevation model (DEM), along with land cover, economic, population, and precipitation data. A min-max normalization method is used to normalize the indices. An analytic hierarchy process (AHP) method is used to determine the weight of each normalized index and the geographic information system (GIS) spatial analysis tool is adopted for calculating the risk map of flood disaster in Shijiazhuang. This risk map is consistent with the reports released by Hebei Provincial Water Conservancy Bureau and can provide reference for flood risk management.
Introduction
Floods are one of the most common natural hazards in the world, which cause serious losses in lives and damage to buildings and infrastructures. In the context of global warming and rapid urbanization, the increased frequency of floods leads to more life and economic losses [1, 2] . Part of these floods are urban waterlogging. As a consequence, the need for flood risk assessment is becoming more and more critical. Floods possess significant seasonal, regional, and repeatable characteristics [3] , while flood risk is usually calculated as the product of the occurrence probability of flood hazard and the casualties and property losses resulted from the flood hazard [4, 5] . Monitoring and assessing the flood risk timely and accurately in the flood-prone area is of great importance in preventing watershed disasters and mitigating economic losses.
Many works have been conducted in the flood risk assessment. The source-pathway-receptor (SPR) concept is widely used to develop a flood assessment model [6, 7] . Based on the hydrodynamic mechanism, a simulation model can be established [8] . While the mechanism-based model is usually complicated, an index system-based assessment method is relatively simple and has high efficiency, Affected by global climate change and urbanization, in recent years (2014) (2015) (2016) (2017) (2018) , Shijiazhuang has experienced several heavy rains causing urban waterlogging. Considering the frequent flood history, geographical location, and climate characteristics of Shijiazhuang (Figure 2 ), a flood risk assessment model is in urgent need of dealing with the potential flood risk.
roads, 112 communication base stations, and 2 small hydropower stations were damaged, 286 houses were collapsed, and 67,159 people were transferred. Among them, Shijiazhuang was the worst affected, while nearly 300,000 people were affected, 4000 hectares of cultivated land was destroyed, and 186 houses collapsed [31] . (http://www.hebwater.gov.cn/a/2016/07/20/1468986746382.html). . Administrative district and water system vector data is extracted from 1:1,000,000 topographic map that is provided by National Geomatics Center of China (http://ngcc.sbsm.gov.cn). Land cover data product of Shijiazhuang is downloaded from the 30-m Global Land cover data product [32] .
Methodology

Risk Assessment Method
Floods in Shijiazhuang are generally caused by heavy rain. We adopted the framework of the risk assessment model (risk = hazard + vulnerability) proposed by Maskrey [33] in this paper. Hazard is divide into two parts: hazard trigger factor and hazard potential factor, which can be expressed as follows:
where R is flood risk. H T is flood hazard trigger factor, which is precipitation in our study area. It means that if there is no hazard trigger factor, there is no flood. H P is the flood hazard potential factor associated with the natural conditions that affect the flood, which is the flow accumulation area, reciprocal of elevation, reciprocal of slope, buffer zone of traditional water system, and the response of land cover type to rainwater. V is flood vulnerability factor, which is GDP, population, and grain production. Flood disaster assessment modeling steps are as follows: (1) constructing index system of flood disaster factors; (2) normalizing each index; (3) invite relevant experts to evaluate factors and determining the weight of each normalized indices by using AHP method; and (4) using GIS spatial analysis tools to calculate flood hazard trigger factor map, flood disaster potential factor map, flood vulnerability factor map, and flood disaster risk map.
Constructing Flood Disaster Factors and Data Processing for the Indices
According to Equation (1), flood disaster factors are constructed and all these factors are resampled to a 30-m resolution for later analysis and calculation in ArcGIS 10.2 which is a software from Redlands, California, USA.
Flood Hazard Trigger Factor
For analyses of the flooding events, the high precipitation intensities to be considered are required to occur in an independent and identically distributed way such that they can be extracted as peaks-over-threshold [34, 35] . However, in this study, consideration was given to the combination of different characteristics of precipitation in the form of indices. Five indices are selected for the flood hazard trigger factor: continuous maximum precipitation (T 1 ), average precipitation (T 2 ), and precipitation anomaly percentage (T 3 ) in Dataset A; and average precipitation (T 4 ) and precipitation anomaly percentage (T 5 ) in Dataset B. The average precipitation indicates the monthly amount of precipitation in one month, and the continuous maximum precipitation indicates the extreme precipitation of that month. The percentage of precipitation anomaly indicates the ratio of monthly precipitation to the average state of the same period. All the above factors are combined to characterize the continuous extreme precipitation and thus characterize the flooding ability. The data for June, July, August, and September were averaged, and Kriging interpolation [36] was used to interpolate the averaged data and to obtain five 30-m resolution raster data. The maximum search radius was 100 km in Dataset A and 150 km in Dataset B. The greater the value of these five indices, the stronger the flood disaster triggers.
Flood Hazard Potential Factor
Five indices are selected for flood hazard potential: flow accumulation area, reciprocal of elevation, reciprocal of slope, buffer zone of traditional water system, and the response of land cover type to rainwater.
(1) Flow accumulation area (P 1 )
ArcGIS tools are used to process the DEM data: Mosaic the downloaded DEM data, fill sinks with fill tool, using the flow direction tool to get the water flow direction data, and then use the flow accumulation tool to get the final flow accumulation area. The flood is generally caused by the extreme water accumulation. Therefore, the higher the value of the flow accumulation area, the greater the danger is.
The elevation is obtained from DEM. Water generally flows downward due to gravity, and most flood disasters occur in low-flat areas. Therefore, the higher the elevation is, the lower the danger is. We adopt the reciprocal of elevation.
(3) Reciprocal of slope (P 3 )
Using DEM processed using the slope tool to generate the slope. Slope is an amount that characterizes the degree of steepness, which affects water velocity. In flat areas with low elevations, it is easier for water to be retained and stay for a long time, causing more floods. Therefore, the greater the slope is, the lower the danger is. We adopt the reciprocal of slope.
(4) Buffer zone of traditional water system (P 4 )
The heavy rain flooded the stream. According to the precipitation of Shijiazhuang and the principle of river classification, buffer zone analysis is conducted for different grades of river and different degrees of risk value are given according to the catchment analysis experiment and different ranks of river. The first-class river will produce five buffers, starting at the first buffer level. Four buffers for the second-class river, starting with the second buffer level, and so on ( Table 1) . The types of land cover in Shijiazhuang are roughly divided into forest, wetland, grassland, water body, cultivated land, and artificial surfaces [32] , Figure 3 . According to the influence of vegetation on the soil, resistance of land cover types to precipitation giving rise to disasters is getting weaker and weaker according to the order of forest, grassland, cultivated land, artificial surfaces, wetlands, and water bodies. Expert scoring and AHP methods are used to determine the resistance of various factors on precipitation. 
Flood Vulnerability Factor
Three indices are selected from the flood vulnerability perspective: GDP, population, and grain production. The greater the values of these indices, the higher the vulnerability.
(1) GDP (V1) The GDP we get is a record result for the administrative district level. We assign the GDP record to the administrative districts. We divided the GDP of each administrative district by the area of the district to produce the averaged GDP value in each district.
(2) Population (V2) Population data we obtained is 30-m resolution grid raster data. We extract the population data using the boundary of the Shijiazhuang.
(3) Grain production (V3) The grain production we get is a record result for the administrative district level, which is the output of cultivated land. We first used the administrative district vector map to clip the land cover data of the cultivated land, and then assigned the value according to the grid number of cultivated land in each administrative district. We divided the grain production of each administrative district by the area of the district to produce the averaged grain production value in each district.
Normalization of Indices
The following normalized approach is adopted to eliminate the impact of magnitude and dimension of the indices [37, 38] in order to ensure the comparability of the various indices:
where Ni is the normalized value of the index, Xi is the value of a certain grid of the index, Xmin is the minimum value of the index, and Xmax is the maximum value of the index. We used ArcGIS ModelBuilder to customize an automatic normalization tool [38] that batch-normalized the above 
Flood Vulnerability Factor
(1) GDP (V 1 )
The GDP we get is a record result for the administrative district level. We assign the GDP record to the administrative districts. We divided the GDP of each administrative district by the area of the district to produce the averaged GDP value in each district.
Population data we obtained is 30-m resolution grid raster data. We extract the population data using the boundary of the Shijiazhuang. The grain production we get is a record result for the administrative district level, which is the output of cultivated land. We first used the administrative district vector map to clip the land cover data of the cultivated land, and then assigned the value according to the grid number of cultivated land in each administrative district. We divided the grain production of each administrative district by the area of the district to produce the averaged grain production value in each district.
Normalization of Indices
where N i is the normalized value of the index, X i is the value of a certain grid of the index, X min is the minimum value of the index, and X max is the maximum value of the index. We used ArcGIS ModelBuilder to customize an automatic normalization tool [38] that batch-normalized the above thirteen parameters.
Calibrating the Index Weight Using AHP
The basic process of AHP decision-making analysis can be divided into the following seven basic steps: (1) identify the scope of the problem clearly, including the factors involved, the relationship between the various factors, etc., in order to grasp the full information as much as possible; (2) establish a hierarchical model; (3) invite relevant experts to evaluate factors and construct judgment matrix; (4) create a single hierarchy; (5) consistency check of the single hierarchy; (6) create a total hierarchy; and (7) consistency check of the total hierarchy.
Experts make decisions based on the previous experiences and use several numbers, from one to nine, to compare the relative importance of two given indices, when treating the same issue, the results of the expert scoring are indeed different, but we cannot judge which expert's results are more accurate. For this reason, we averaged each of the scoring results of each expert.
After experts evaluate the factors, we can get four judgment matrixes, which are A O 3×3 for flood disaster risk, A T 5×5 for flood hazard trigger factor, A P 5×5 for flood hazard potential factor and A V 3×3 for flood hazard potential factor. Then eigenvalues (λ max ) and eigenvectors of the above four matrices need to be calculated. The eigenvalues are used to check consistency through Equation (3), where n is the dimension of the judgment matrix, and RI can be found in Table 2 . When CR is smaller than 0.1, the consistency check is passed. After the consistency check is passed, we can get the weight from the normalized eigenvector. In this paper, flood risk assessment is divided into three hierarchies: the first hierarchy is flood disaster risk, hereafter referred to as object hierarchy; the second hierarchy is flood hazard trigger factor, flood hazard potential factor, and flood vulnerability factor, hereafter referred to as factor hierarchy; and the third hierarchy is five indices of flood hazard trigger factor T 1 to T 5 , five indices of flood hazard potential factor P 1 to P 5 , and three indices of flood hazard trigger factor V 1 to V 3 , hereafter referred to as index hierarchy.
Results
AHP Results
Risk Factor of Land Cover Types
The consistency index (CI) of resistance of land cover types to precipitation was 0.0475. The consistency ratio (CR) of resistance of land cover types to precipitation was 0.0383. It is obvious that all of the CRs were smaller than 0.1; therefore the consistency check passed. Taking the reciprocal of resistance can get a risk factor of land cover types on precipitation. The risk factor of land cover types are shown in Table 3 . , respectively. For the CI and CR of single hierarchy in factor hierarchy, the flood hazard trigger factors were 0.0033 and 0.003, respectively. The flood hazard potential factors were 0.0132 and 0.0118, respectively, and the flood hazard trigger factors were 0.0193 and 0.0332, respectively. For the CI and CR of total hierarchy in factor hierarchy, the flood hazard trigger factors were 0.0019 and 0.0017, respectively. The flood hazard potential factors were 0.0038 and 0.0034, respectively, and the flood hazard trigger factors were 0.0055 and 0.0095, respectively. It is obvious that all of the CRs were smaller than 0.1; therefore, the consistency check passed. Weights calibrated by AHP is shown in Table 4 . 
Flood Hazard Trigger Factor Map
The flood hazard trigger factor is mainly affected by precipitation. According to the weight of AHP (Table 4) , flood hazard trigger indices T 1 to T 5 were added according to Equation (4) using the weighted sum tool of ArcGIS: Figure 4 shows that the flood hazard trigger factor was higher on southwest part of the Shijiazhuang area. The reason for the above phenomenon was due to the affection of Taihang Mountains and the continental monsoon climate. Under the combined effect of topography and climate, floods in the southwest area were highly triggered and were prone to flood disasters and mudslides caused by landslides. 
Flood Hazard Potential Factor Map
The flood hazard potential factor is mainly affected by terrain, river, and land cover characteristics. Based on AHP weights (Table 4) , we used the weighted sum tool of ArcGIS 10.2 to add flood hazard potential indices P1 to P5 according to Equation (5) Figure 5 shows that the flood potential in Shijiazhuang was higher in the east and low in the west due to the influence of natural topography and human factors on the surface modification. The potential threat of flood was high in the eastern region, which was because of low topography and the main types of land surface were cultivated land and artificial surfaces in the eastern region. Flood potential was high along rivers and other waters since the risk of flood was higher close to the water. 
The flood hazard potential factor is mainly affected by terrain, river, and land cover characteristics. Based on AHP weights (Table 4) , we used the weighted sum tool of ArcGIS 10.2 to add flood hazard potential indices P 1 to P 5 according to Equation (5):
(5) Figure 5 shows that the flood potential in Shijiazhuang was higher in the east and low in the west due to the influence of natural topography and human factors on the surface modification. The potential threat of flood was high in the eastern region, which was because of low topography and the main types of land surface were cultivated land and artificial surfaces in the eastern region. Flood potential was high along rivers and other waters since the risk of flood was higher close to the water.
Flood Vulnerability Factor Map
Flood vulnerability factor was mainly determined by economic factors such as GDP, population, and grain production. Based on the weight of AHP (Table 4) , the weighted sum tool of ArcGIS 10.2 was used to add flood vulnerability indices V 1 to V 3 according to Equation (6) Figure 6 indicates a strong correlation between the high value area, and the artificial surfaces area and cultivated land area in the administrative area. Shijiazhuang urban area is the region with highest vulnerability for its high GDP and large population, followed by the artificial surface area in Zanhuang County, which is located in the lower left corner of the map. This is mainly due to the highly concentrated population. Furthermore, the eastern cultivated land area is used for high grain production. The sparsely populated western mountain area as possessed the lowest vulnerability area. 
Flood vulnerability factor was mainly determined by economic factors such as GDP, population, and grain production. Based on the weight of AHP (Table 4) , the weighted sum tool of ArcGIS 10.2 was used to add flood vulnerability indices V1 to V3 according to Equation (6) 
Flood Risk Map
Using the weighted sum tool of ArcGIS, the result of the above three factors were summed up according to Equation (1) to get the result of comprehensive assessment of flood risk in Shijiazhuang. The overall risk of flood disaster in Shijiazhuang was concentrated in the southwestern region, followed by the risk in urban areas, especially in the southwestern region of the urban area (Figure 7) . Due to the impact of its own terrain and climate, coupled with urbanization, urban waterlogging was getting worse and worse, and the resistance to floods was getting weaker and weaker.
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Using the weighted sum tool of ArcGIS, the result of the above three factors were summed up according to Equation (1) to get the result of comprehensive assessment of flood risk in Shijiazhuang. The overall risk of flood disaster in Shijiazhuang was concentrated in the southwestern region, followed by the risk in urban areas, especially in the southwestern region of the urban area ( Figure  7) . Due to the impact of its own terrain and climate, coupled with urbanization, urban waterlogging was getting worse and worse, and the resistance to floods was getting weaker and weaker. 
Validation of the Maps
We validated the results of this study with the textual reports released by Hebei Provincial Water Conservancy Bureau (Table 5 ). There have been two huge floods caused by torrential rain since 1949. The flood hazard trigger map and the flood hazard potential map were basically consistent with both flood records. The mountain areas in the flood vulnerability map and the flood risk map were basically consistent with both flood records. The urban and cultivated areas in these maps were inconsistent with the flood record of 1996, but consistent with the flood record of 2016. 
Discussions and Conclusions
Shijiazhuang is a traditional arid zone [39, 40] that has experienced two huge floods caused by torrential rain since 1949. Affected by global climate change and urbanization, in recent years Shijiazhuang has experienced several heavy rains causing urban waterlogging. Considering the frequent flood history, geographical location, and climate characteristics of Shijiazhuang, a flood risk assessment model is in urgent need in dealing with the potential flood risk.
Discussions
The risk assessment model proposed by Maskrey [33] is risk = hazard + vulnerability. Usually, precipitation is included in hazard, while the flooding in the transitional zone between Taihang Mountains and North China plain is mainly caused by the uneven distribution of precipitation during the year, where the warm and humid airflow from the southeast direction accumulates on the windward slope and forked rivers developed by Taihang Mountain. Therefore, we extended the risk assessment model to risk = trigger + hazard + vulnerability. Precipitation was separated from hazard and became an independent factor to characterize the flood trigger rate.
The method used in this paper in establishing a flood disaster assessment model was influenced by the variety of data used, thus the problem that must be faced is how much weight should be allocated for different data dimensions. AHP is a semi-qualitative, semi-quantitative analysis method for weighting. The construction process of the judgment matrix is completely dependent on the experience of the experts. We do not know which expert's judgment is the most accurate. Although we averaged the scores of experts, we still put uncertainty into the model, as this is at least a semi-quantitative method. The improvement in this paper lies in considering precipitation as a single element to characterize the ability of flood triggering, using land cover/utilization data to characterize surface water storage capacity, and in using the technique of reciprocal to keep the order of data consistent.
Data collection is often difficult in China. Fortunately, more and more data have been opened in recent years. There are 139 stations in the precipitation Dataset A, and 40 stations in the Dataset B. While the latter is inferior in the number of stations, all the stations in the latter dataset are included in the former. In addition, Dataset B did not have continuous maximum precipitation data. However, Dataset B contains data after the year 2010, while Dataset A only has data before the year 2010. Since the dataset contains different numbers of stations, the distance between stations of each datasets differed, thus Dataset A and Dataset B were interpolated separately with different search radius. Since interpolation can lead to outliers, the absence of data in Dataset A and Dataset B increased the probability of the occurrence of outliers. However, we can only hope that the China Meteorological Data Service Center updates the data as soon as possible to provide more abundant data to reduce outliers. We used ArcGIS 10.2 software to resample all data with a less-than-30-m resolution into 30-m resolution data for subsequent pixel level raster calculations. However, only the DEM and land cover/use data in the original data had a 30-m resolution, and the precipitation was interpolated to 30-m resolution. The vector data of the river extracted from 1:1,000,000 topographic map was converted into a grid raster and the resolution was far less than 30 m. The population was in 1-km resolution grid data, and GDP and food production were assigned according to administrative district and land cover/use data. For this reason, the calculated result did not have an accuracy of 30 m. In the future, we may further improve the resolution accuracy of the data source to improve the accuracy of the results.
The report of the Hebei Provincial Water Conservancy Bureau was plain text without a map, which may be due to the backwardness of the office concept here. We compare the description of the text with the map of this article. Due to the lack of precision of the source text in the government reports, it is hardly possible to figure out "consistent" data. Therefore, when the text description was consistent with the map we calculated, our result is marked as "basically consistent," while when the text description was not consistent with the map we calculated, our result was marked as "inconsistent." The validation results show that the flood hazard trigger factor can reflect the precipitation characteristics of this area and have the same trigger impact to these two floods. Since the DEM, land use/cover, and economic data we used were quite recent, the topographical features changed very little, causing potential hazards to also change very little. According to the Shijiazhuang Municipal Bureau of Statistical Yearbook, the population changed from 1996 to 2016 in different districts, and the distribution of GDP had tremendous changes, but the output of cultivated land changed very little. These created the different validating results of flood vulnerability and flood risk map.
Conclusions
In this paper, we extended the risk assessment model proposed by Maskrey [33] in accordance with the situation of Shijiazhuang located in the transitional zone between Taihang Mountains and North China plain. There are three factors in our model: the flood hazard trigger factor, the flood hazard potential factor, and the flood vulnerability factor. The response of land cover type to rainwater was analyzed as flood hazard factor, and the reciprocal method was applied in the consistency of the factors. We construct the flood risk index with the highest precision data in open data, and we used AHP, a semi-quantitative decision analysis method, to determine the weight of each flood risk index. Evaluation results have a reference value, which can be used as a reference for assessing the flood risk in this study area, and this model is suitable for the weather, terrain, and economic conditions here.
According to the method of constructing parameters, the flood hazard trigger factor can be considered as comprehensive characteristics of precipitation in June, July, August, and September. The flood hazard potential factor was generally the terrain characteristics and the flood vulnerability factor was generally the economic characteristics. Flood risk was the combined result of the above three factors. Funding: This research received no external funding.
